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using  the  specialized  instrumentation  developed  at  the  University  of  Wyoming 
during  the  last  year. 


15.  NUMBER  OF  ■'  RGcS 

24 


16.  PRICE  CODE 


.<  SeCjRl.Y  CEASi.FlCAnC.N  18.  SECURITY  C-ASSiflCA.ICN  19.  SECURITY  CLASS, fiCATiCN  2(7,  LIMI  Ta  TiCN  CF  A8STS; 

OF  report  CF  this  PAGE  OF  ABSTRACT 

UNCLASSIFIED  UNCLASSIFIED  UNCLASSIFIED  UNLIMITED 


•  A-O  iiOO  *9' 


14  SUBJECT  TES.MS 

Aero<iol  Scattering, 

Free  Troposphere 

■ 

1/  security  CLASSiFlCAnC.N 

1  18.  SECURITY  C-ASS.flCATlCN 

19.  SECURITY  CLASS, fiCATiCN 

OF  report 

OF  THIS  PAGE 

OF  abstract 

UNCLASSIFIED 

UNCLASSIFIED 

UNCLASSIFIED 

CONTENTS 


INTRODUC'l'ION  . 

INSTRUMENTATION  . . . . 

Particlf  Counters 

Impactor  . 

CN  {\)untei  . . . . 
Neplu'lonK'ter  .  . . 


Aethalom<‘ter  .  3 

Ruhy  Liclar  .  3 

Backscattersonde . 3 

LOGISTICS  OF  THE  EXPERIMENT  .  3 

RESUUrS  .  4 

Comparison  of  Nepliclometer  and  Backscattersonde  .  5 

Aerosol  0|)tical  Model  Calctdations .  3 

Index  of  Refraction  .  (I 

Particle  Shape  . 6 

Size  Distribution  .  7 

DISCUSSION  .  8 

CONCLUSIONS  .  S 

REFERENCES  .  9 

TABLES  .  12 

FIGURES  .  13 


iii 


loa  For 

r»t.- 


•y- 


|_Dl3t.rt  iMitlan/ 


Av«iiatillty 


’Dift 


a»d/or 
SnoclnJ 


SUMMARY 


This  year’s  research  effort  was  centered  around  two  areas  of  activity:  the  completion  of 
optical  devices  to  measure  aerosol  scattering  along  with  their  associated  calibration  mech¬ 
anisms,  and  the  analysis  of  data  obtained  in  a  unique  field  experiment  of  opportunity  con¬ 
ducted  in  cooperation  with  several  other  investigators.  Since  most  of  the  progress  concerning 
the  instrument  development  portion  of  the  research  was  presented  in  the  quarterly  reports, 
this  report  will  focus  on  the  results  and  interpretation  of  the  field  mecisurements. 
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AEROSOL  OPTICAL  PROPERTIES 
OF  THE  FREE  TROPOSPHERE 


introduction 

The  field  program  mentioned  in  th<' summary  involved  lu’arly  simultaneous  measurenieutb 
of  the  physical  and  optical  propertic's  of  boundary  layer  and  free  tropospheric  aerosols  near 
Boulder,  Colorado  using  aircraft,  balloon,  and  ground  bas('d  sensors,  and  was  conducted  loi 
the  purpose  of  obtaining  a  diverse  .  s«>lf-  consistent  data  set  that  could  be  iisecJ  foi  tc'sling 
optical  model  calculations  based  on  measured  physical  chai  a<  lei  istics  such  as  apparent  size 
distribution,  composition,  and  shajie. 

Although  the  applicability  of  Mie  scattering  calculations  to  spherical  aerosol  particles  of 
known  size  distribution  and  com[)osition  is  on  a  .solicl  theoretical  foundation,  very  little  is 
known  of  the  applicability  of  the  same'  calculations  and  assnmpt icnis  when  applied  to  rea; 
at nios|)heric  acuosol  polydispersions  of  poorly  known  particle  sliape  and  composition.  1  li' 
size'  distribution  is  a  critical  component  in  the  Mie  calculations  and  is  often  determined 
Irom  measurements  with  optical  particle  countc'rs,  which  in  turn  are  calibrated  and  the  data 
analyzed  in  terms  of  splu'rical  particles  of  known  composition.  I'lius  the  size  distrilrution 
determined  in  such  a  manner  may  be  relatively  meaningle.-,  ,  ioi  Cjuamilai  ive  a|)pii(  a!  lor.s 
•An  important  question  addressed  in  this  report  is  the  following:  How  acematt'  and  reliable 
are  the  predictions  of  standard  Mie  sc  attering  calculations  win  n  b.t.st-d  on  sh:-  di^!  i  ii  i  ‘ 
"measured”  in  the  boundary  layer  aiul  free  troposphere  with  commonly  used  optical  particle 
counters  whose  calibration  ami  resjronse  is  interpreted  under  thi'  assumption  of  sjiherical 
particles? 

The  field  measurements  rt'ported  here  were  centered  around  ol>taining  a  data  set  com¬ 
prehensive  enough  to  test  quantitative  aerosol  scattering  calculations  and  relationships  for 
aerosols  found  throughout  the  tropospheue.  'I’hese  measurements  were  made  simultaneously 
(or  quasi  simultaneously)  and  involvcxl  observations  of  diverse  aerosol  properties  using  a 
variety  of  in  situ  airborne  and  ground  ba.s<'d  remote  sensors. 

The  measurements  took  place  on  three  evenings  near  Boulder.  Colorado  in  a  cooperative 
effort  with  .several  other  research  facilities.  'J'he  first  fudd  observations  were  on  .luly  26, 
1989  and  the  second  .set  of  measureiiK'nts  took  place  on  .May  2d  and  21,  1990.  Two  reports 
[Bodhaine  et  al..  1990,  1991a]  present  tlu'  basic  and  uninlerpreti-d  data  obtained  duriiiE  tle^sc 
experiments. 

Instrumentat  ion 

rhere  were  four  separate  measurcunent  systems  involved.  NO.XA's  iusl,:uui<.ntcd  Kmg  .Air 
aircraft,  a  ruby  lidar  (694. -3  nm)  and  the  University  of  Wyoming  balkxm  borne  backscatter- 
sonde.  The  aircraft  was  umh'r  the  direction  of  NOAA’s  Climate  Monitoring  and  Diagnostics 
Laboratory  (CMDL)  and  Air  Resources  Laboratory  (ARL). 

Both  lidars  were  operated  by  NO.A.A's  \Vav«'  Pro|)agation  Laboratory  (W’PL),  and  the 
balloon  borne  backseat tersonde  lueasurr’inents  were  comlucted  by  the  University  of  Wyoming 
Atmospheric  Physics  Croup  (.Al’C)- 

A  detailed  description  and  performance  capabilities  of  the  instrumentation  and  sensors 
employed  in  tlu'  experiment  has  been  given  by  Bodhaine  et  al.  (1991a,  1990].  The  general 
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naiiire  of  the  airnaft  platform  has  been  given  by  Wellman  et  al.  [1!)8*J].  Therefore,  only  an 
abbreviated  description  of  the  inst  run\entation  is  needed  h«?re. 

Particle  Counters 

The  optical  particle  counters  (Particle  Me<isuring  Systems’  laser  particle  spectrometers 
ASASP-IOOX  and  FSSP-lOO)  arc  commercially  available  instruments  in  widespread  use. 
Their  application  to  the  aircraft  and  calibration  for  various  refractive  indices  has  been  dis¬ 
cussed  by  Kim  and  Boatman  [1990a,  1990b].  It  should  be  noted  that  the  sensing  volume  of 
the  FSSP-  100  probe  is  in  the  free  air  stream  external  to  the  aircraft  and  does  not  experi¬ 
ence  an-isokinetic  sampling  problems.  However,  its  sampling  rate  is  relatively  small  and  in 
regions  of  low  aerosol  concentration,  such  as  the  free  troposphere,  the  .sample  time  required 
to  obtain  statistically  significant  data  may  become  <piite  large.  Unless  otherwi.se  noted,  the 
ASASP  and  FSSP  profiles  utilized  Ik'K'  employ  I  inin  averages. 

Irnjjactor 

The  cascade  imjiactor  is  a  PIXF  Corporation  five  stage  single  orifice  device.  The  equiva¬ 
lent  aerodynamic  cutoff  diameters  (EAC'D's)  for  the  five  stages  are  as  follows:  stage  5,  4/im; 
stage  4,  2  pm,  stage  4,  l/i;  stage  2,  0..5  pm;  stage  1,  0.2-5  pm.  .Mthongh  these  cuts  are 
altitude  dependent,  the  effect  is  not  important  to  the  experiment,  because  the  collections 
were  only  used  to  indicate  the  chemical  composition  for  two  gross  size  ranges:  fine  and 
coarse.  Budgetary  constraints  limited  analysis  to  stages  1,  3  and  5.  The  elemental  composi¬ 
tion  of  individual  particles  was  determined  through  eiK'rgy  dispersive  x-ray  analysis,  which 
was  performed  with  an  ultra  thin  window  x-ray  sfiectrometer  interfaced  with  an  analytical 
electron  microscope.  With  this  spectrometer,  light  elements  such  as  carbon  and  oxygen  are 
observable  in  individual  atmospheric  particles.  More  details  concerning  the  operation  of  this 
sampling  device,  its  application  to  the  aircraft  and  the  analysis  of  the  collected  aerosol  is 
given  by  Sheridan  et  al.  [1991]. 

C.N’  Counter 

The  (Jeneral  Electric  condensation  nucleus  (CN)  counter  (model  1 12L4 28(11)  is  a  modified 
version  of  a  commercially  available  instrument  in  relatively  widespK'ad  use  [Bodhaine  and 
Murphy.  1980].  Because  of  the  potential  possibility  of  air  leaks  in  this  sensor,  it  must  be 
operated  at  aircraft  cabin  pressure.  'This  was  accomplished  by  emidoying  an  air  sample 
compressor  device  alu-ad  of  the  instrument.  Laboratory  ex|)eriments  indicate  that  a  loss  of 
about  20%  in  CN  concentration  can  be  attributed  to  the  coni]>ressor.  The  data  shown  here 
have  been  corrected  for  this  loss.  The  particle  sizes  detected  by  this  instrument  are  roughly 
0.01  /nn  and  larger. 

Nephelometer 

The  o|K'ration.  characteristics,  and  calibration  of  the  three  wavelength  nei)helometer  (449, 
530  and  0!10  nm)  have  been  described  in  detail  by  Bodhaine  (d  al.  [1991b].  Tor  the  aircraft 
application,  an  air  inlet  and  downstream  pump  with  air  exhaust  to  tlu'  outside  of  the  air¬ 
craft  provides  about  200  LPM  airflow  through  tin*  n«'phelometer  and  allows  operation  at 
ambient  pressure  regarrlless  of  aircraft  cabin  pressurization.  Air  pressure  and  temperature 
measurements  made  inside  the  nephelometer  make  it  i)ossible  to  apply  a  small  correction 
to  cjbtain  the  true  ambient  sf  attering  characteristics.  The  data  have  not  been  corrected  for 
possible  loss  of  particles  in  (In*  intake  tube  by  proce.sses  such  as  sedimentation,  impaction. 
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and  evaporation.  In  the  vertical  proliles  reported  here,  the  nephelometer  data  have  been 
averaged  for  10  seconds  giving  an  effective  vertical  resolution  of  about  22  meters. 

The  particular  nephelometer  employed  in  the  experiment  integrates  the  scattered  light 
over  the  angles  7°-  170°.  Since  the  amount  of  light  scattered  into  the  0‘^frc-7°  and  170°- 
180°  angular  region  is  relatively  small  for  the  particle  sizes  encountered,  the  nephelometer 
provides  a  measur<'  of  the  total  a<'rosol  scattering  whi<ii  is  ('(|uivalent  to  the  extinction  if  the 
particles  are  non  absorbing  (no  imaginary  component  in  the  index  of  refraction). 

Aethalometer 

The  Aethalometer  (Hansen  and  Rosen,  1981)  was  specially  constructed  for  application  on 
the  NOAA  King  Air  aircraft.  This  instrument  uses  a  light  diffusing  filter  that  continuously 
accumulates  aerosol  while  illuminated  by  a  lamp.  Two  photocells  measure  the  intensity 
ol  th('  light  from  two  portions  of  the  filter:  one  is  the  samph*  signal  from  the  area  where 
aerosol  is  accammlating,  and  the  other  is  a  reference  signal  from  an  area  where  no  aerosol 
is  accumulating.  Only  the  absorbing  component  (imaginary  part  of  the  index  refraction) 
will  contribute  to  a  r<  duction  of  intensity  in  the  sample  beam,  d  he  decrease  in  the  ratio  of 
the  sample  to  reference  beam  intensities  as  a  function  of  time  is  calibrated  in  terms  of  the 
equivalent  concentration  of  carbon  being  drawn  through  the  filter,  and  a  value  is  reported 
every  10  .seconds.  A  large  pumj)  pulls  air  through  the  filter  at  a  measured  flow  rate  exceeding 
80  LPM.  I'he  exhaust  line  from  the  pump  is  routed  directly  to  the  outside  of  the  aircraft.  The 
a('thalometer  measurc-d  aerosol  absorption  during  both  flights  of  the  May'  1990  experiment, 
but  was  not  em[)loyed  in  tlu'  -luly  26.  1989  experiment. 

Ruby  Lidar 

d  he  ruby  lidar  system,  operating  at  091  nm  wavelength,  has  been  in  intermittent  use  at 
Boulder,  Colorado  for  a  period  of  about  20  hr  and  is  employed  primarily  for  the  monitoring 
of  stratospheric  aerosols.  It  transmits  one  pulse  once  very  3  seconds  and  typically  requires 
an  average  of  several  hundred  pulses  to  retrieve  a  statistically  significant  backscatier  profile. 
Thus  a  profile  can  be  obtained  about  every  10  minutes,  d'he  problems  associated  with  the 
calibration  of  ruby  lidar  systems  and  the  methodology  of  data  analysis  have  been  discussed 
by  Russi'll  et  al.  [1979]  and  by  Likura  et  al.  [1987]. 

Back.scattersonde 

The  backscatter.sonde  is  a  simple  and  relatively  new  balloon  borne  sensor.  It  employs 
a  (piasi  collimated  beam  from  a  xenon  flash  lamp  and  sense  the  light  locally  backscattered 
at  two  selectable  wavelengths.  One  vertical  profile  with  a  resolution  of  about  30  m  (as 
determined  by  the  flash  lamp  frequency  and  balloon  rise  rate)  is  obtained  on  ascent.  During 
the  field  measurements,  one  of  the  backscatter  wavelengths  was  always  chosen  to  be  940  nm 
and  the  second  wavelength  was  seh'cterl  as  either  700  (26  .luly  1989,  23  May  1990)  or  480  nm 
(21  May  1990).  .Standard  meteorological  parameters  (prc’ssurc',  temperatiire  and  humidity) 
are  also  measured  with  a  moflifi<’d  Vai.sala  radiosond*'  under  microproces.sor  control,  which  is 
an  integral  part  of  the  sounding  iustruriK'ut.  A  more  complete  description  of  the  instrument 
and  its  calibration  is  given  by  Rosen  and  Kjome  [1991], 

bogistics  of  tlu'  Exj)erimcnt 

On  a  typical  experiment  evening,  the  ruby  lidar  would  start  operation  shortly  after  local 
sunset  and  continue  obtaining  profiles  at  .30  min  intervals  until  undisturbed  profiles  were 
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consistently  obtained  under  relatively  cloud  free  conditions.  .\i  this  time  the  aircraft  look 
off  from  a  local  airport  and  began  collecting  data  on  a  uniform  ascent  to  about  400  mb 
(about  7  km). 

The  balloon  launch  was  scheduled  .so  that  its  ascent  and  that  of  the  aircraft  would  approx¬ 
imately  coincide.  Obvious  physical  and  practical  constraints  did  not  permit  the  respective 
profiles  to  be  taken  from  exactly  tlu'  same  air  parcels.  However,  since  the  atmospheric  con¬ 
ditions  were  relatively  stable  as  determined  by  comparisons  of  ascent  and  descent  profiles, 
the  effect  of  this  deficiency  is  probably  not  significant  for  most  parts  of  the  profiles. 

Results 

Particle  concentration  profiles  obtained  during  the  first  field  ex[)eriment  for  three  typical 
particle  sizes  and  for  (,'.M  ar<'  shown  in  Figure  1.  I'Ik'sc  n-sults  illustrate  the  diver.se  profiles 
that  can  be  obtained  in  various  size  ranges.  For  example,  tlie  juofile  associated  with  particle 
diameter  =  0.57  ^zm  shows  a  layer  near  500  mb  \v''ich  is  not  evident  in  the  smaller  particle 
profile  and  appears  as  a  layer  deficient  in  concentration  for  the  larger  particles.  The  structure 
in  the  CN  profile  seems  relatively  uncorrelated  with  the  larger  particle  profiles  and  does  not 
show  a  decrease  in  concentration  above  the  boundary  layer  as  defined  by  the  location  of  the 
temperature  inversion.  It  is  not  immediately  obvious  at  this  point  what  the  net  contribution 
is  of  particles  in  and  n»‘ar  the  500  mb  layer  to  th<‘ optical  scattei  ing  characteristics:  Will  this 
be  a  layer  of  relatively  low  or  high  scatteiing  characteristics? 

Figure  2  presents  similar  results  for  the  second  field  experiment  but  includes  the  black 
carbon  concentration  profih'  and  a  comparison  of  iiscent/desci'iit  profiles.  Again,  some  corre¬ 
sponding  features  are  evident  in  both  the  particle  counter  and  CN  profiles,  but  there  are  also 
many  significant  differences  so  that  it  would  appear  to  be  impossible  to  deduce  one  of  the 
profiles  given  the  others,  fhe  structure  in  the  black  carbon  profile  is  not  strongly  correlatz-d 
with  features  in  the  particle  profiles  and  dws  not  show  the  distinctive  sharp  decrease  above 
the  boundary  layer.  Thus,  it  is  not  possible  to  clearly  associate  the  particles  containing  black 
carbon  with  a  specific  iiarficle  size  profile. 

Some  notable  differi'iices  in  the  a.scent  and  descent  structures  can  be  seen  in  Figure  2. 
7  he  particle  concentration  profiles  on  both  May  23  and  24  show  some  differences  near  and 
at  the  top  of  the  boundary  layer  (about  500  mb).  I'hese  differences  are  thought  to  be  real 
and  probably  rz’flect  modest  changes  in  the  atmospheric  conditions.  The  apparent  shift  in 
altitude  of  the  ascent  and  descent  CN  profiles  is  undoubtedly  an  artifact  probably  due  to  a  lag 
time  associated  with  a  delay  of  the  air  sample  reaching  the  sensor.  The  systematic  difference 
betwcx’ii  the  ascent  and  descent  black  carbon  profiles  at  low  concentrations  is  now  known  to 
be  an  instrument  artifact  cau.sed  by  a  pressure  change  rate  effect  on  the  filter  opacity.  To 
a  first  approximation,  the  correct  black  carbon  concentration  would  be  the  average  of  the 
ascent  and  descent  data. 

Figure  3  shows  a  comparison  of  the  jiarticle  concentration  profiles  and  the  various  optical 
scatteiing  profiles  ho  be  consistent  and  for  ease  of  comparison,  mixing  ratio  units  have 
been  used  IVir  the  aerosol  concent  raf  ion.  Tin*  nepln-lometei  and  backscatlersonde  aerosol 
scatter  ratio  (aerosol/Rayleigh)  is  effectively  a  mixing  ratio.  .Another  often  used  quan¬ 
tity  (which  is  not  a  mixing  ratio)  is  (he  nephelometer  and  backseat tersonde  scatter  ratio; 
(aerosoM  Haylcighj/Raylcigh.  Note  that  aerosol  scatter  ratio  =  scatter  ratio  -  1. 

.All  of  the  [irofiles  m  Figure  3  refer  to  the  tim»'  jxuiod  of  aircraft  and  balkxm  ascent 
X.  cpI  for  23  Afay.  Since  ihc  neiiheloinetz'r  was  not  operating  during  asczuit  on  this  datz'. 
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only  aircraft  descent  i)rofiles  are  shown. 

Figure  3  shows  excellent  agreement  in  the  fine  profile  structure  as  obtained  with  the 
nephelometer  and  backscattersonde,  even  though  each  instrument  is  sensitive  to  different 
aerosol  scattering  properties.  The  aerosol  particle  concentration  profiles  have  somewhat 
lower  resolution,  l)nt  nevertheless  reflect  the  same  structure  as  seen  with  the  nephelometer 
and  backscattersonde.  The  lidar  profiles  as  illustrated  are  significantly  lower  in  vertical  res¬ 
olution,  but  are  generally  consistent  with  the  structure  shown  in  the  other  aerosol  scattering 
measurements. 

Although  there  is  only  modest  agreem<‘nl  in  the  backscattersonde  and  ruby  lidar  profile 
structure  in  the  troposphere',  the  general  shape  of  the  comj)lete  profile  and  agreement  in 
absolute  value  appear  to  be  quite  satisfactory,  as  illustrated  in  Figure  4.  Here,  two  ruby  lidar 
profiles  obtained  on  23  May  during  balloon  ascent  are  shown  along  with  the  tropospheric 
backscattersonde  data  at  700  nm  wavelength.  Unfortunately  there  was  a  balloon  failure  near 
9  km  on  this  date  and  no  stratospheric  data  were  observed,  'fhe  backscattersonde  data  shown 
above  10  km  in  Figure  4  were  obtaine<l  at  Laramie,  Wyoming  (150  km  north  of  Boulder) 
a  f('W'  weeks  later.  However,  the  stratospheric  aerosol  was  very  stable  during  this  period  of 
lime,  and  soundings  made  before  anrl  after  the  experiment  showed  very  little  difference  in 
the  stratosphere.  Thus,  it  is  believed  that  Figure  4  represents  a  valid  comparison  of  the 
backscattersonde  and  ruby  lidar  over  their  entire  operating  altitude  range. 

.Aerosol  sampling  with  the  5  stage  cascade  impactor  was  performed  over  just  two  altitude 
ranges  on  both  evenings  of  the  second  experiment:  one  sample  was  obtained  in  the  planetary 
l)oundary  layer  and  the  other  sample  was  collected  in  the  free  troposphere. 

In  the  high  and  low  altitude  samph's,  about  85%  of  the  fiiu'  jrarticles  (stage  1  collections) 
w<'re  classified  as  ammonium  sulfate.  Other  |)article  groups  were  identified  as  composite 
sulfate/crustal  (about  4%),  crustal  (about  5%),  and  carbonaceous/non-spherical  (about  3%). 
'fhe  crustal  grou[)  is  rich  in  silicon  and  aluminum. 

The  coarse  particle  samples  (stage  3  collections),  did  not  show  a  consistent  altitude  depen¬ 
dent  composition.  Approximately  34%  of  the  particles  were  classified  as  ammonium  sulfate, 
7%  as  composite  snlfate/crustal,  43%  as  crustal,  5%  as  carbonaceous/non-spherical  and  3 
percent  as  iron-rich.  .A  statistically  significant  nunrber  of  particles  were  not  collected  on 
stage  5,  but  they  a[)|)('ared  similar  in  composition  to  those  collected  on  stage  3.  More  detail 
concerning  the  exact  definition  of  the  various  groups  such  as  crustal  and  carbonaceous  has 
been  given  by  Bodhane  et  al.,  1991a. 

Particles  collectrxl  Iry  the  impactor  in  all  of  the  samples  were  largely  external  mixtures 
of  the  dominant  fine  sulfates,  some  larger  crustal  derived  particles  and  the  less  frequently 
('iicountered  carl)onac('ous  particles.  Composite  particles  were  observed,  but  typically  near 
the  5%  level. 

Comparison  of  Nephelometer  and  Backscattersonde. 

f’or  the  pur|)Ose  of  discussion  below,  the  ratio  of  the  nephelometer  scatter  ratio  to  the 
backscattersonde  scatter  ratio  will  be  useful.  In  making  this  calculation,  the  profiles  from  the 
two  .sensors  have  been  vertically  shift<’d  slightly  .so  that  there  is  optimal  correspondence  in 
the  structure.  4’his  minor  shift  is  prolrablv  a  result  of  the  samples  not  being  made  in  exactly 
the  same  air  parcel  and  a  lime  lag  in  the  effective  response,  f  igure  5  shows  the  ratio  of 
the  instruments'  response  averaged  over  2  mb  altitude  intervals.  Data  appear  to  be  grouped 
in  two  regions  of  the  chart  which  correspond  to  data  from  the  planetary  boundary  layer 
(liigher  values)  and  from  the  fre<'  Iroposirhere  (lower  values).  .A  standard  regression,  straight 
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line  fit  has  been  performed  using  all  of  the  data  points,  although  a  linear  relationship  is  not 
necessarily  expected.  As  the  data  points  approach  the  oiigin  ^1.1 )  both  instruments  should 
read  the  same  value,  namely  1.00.  Although  the  regression  (it  rioes  pass  reasonably  close  to 
the  origin,  there  is  a  noticeable  slight  offset,  but  that  is  probably  within  the  net  experimental 
uncertainty.  The  straight  line  could  be  made  to  pass  directly  through  the  origin  by  adjusting 
or  applying  a  small  constant  background  signal  to  one  or  both  of  the  instruments. 

Much  of  the  data  scatter  in  Figure  5  can  be  attributed  to  points  occurring  near  large 
gradients  in  vertical  aerosol  structure.  In  this  situation,  a  small  errc)r  in  the  corresponding 
corrected  altitudes  of  the  instrument  platforms  will  lead  to  a  relatively  large  error  in  the  ratio 
of  the  response  of  the  instruments,  do  address  this  prot)lem  in  the  .May  1990  experiments, 
data  were  averaged  o\er  six  well  defined  altitinle  regions  ('r  layers  wlnue  tin'  aerosol  propert  ies 
remained  relatively  constant.  These  layers  are  identified  and  numbered  along  the  altitude 
scales  in  Figure  A  compari.son  of  the  nepheloineU'r  and  backscattf'isonde  for  the  six  layers 
on  May  2.3  is  shown  in  Figure  .'i.  'I'hese  data  show  less  scatter  and  are  consistent  with  an 
■‘eye  fit’’  stiaight  line  iiassing  throi  gh  Iheoiigii’  !fn  fscattersciide  data  for  700  nin  are  not 
available  for  May  21. 

d'he  reader  should  be  ri'tnindeil  that  Figure's  b  and  0  d<'  not  rejiresent  a  universal  re¬ 
lationship  between  the  nephelome'e'r  and  backscattersond.<'.  1  he  results  api>ly  only  to  the 
aerosol  physical  properties  and  vertical  structure  that  exist -d  during  the  field  experiments. 
The  measurements  would  need  to  be  repeated  many  more  time's  Ix'fore  an  attempt  could  be 
mad  ■  to  idf'ntifv  a  statistically  signilicant  result  re'latiiig  to  atmosjjherir  aerosols. 

.\ero.sol  Optical  Model  Calculations 

.Aerosol  characte'i  ist ics  reh'vant  to  ojitical  model  calculations  are'  si/e-  distribution,  index  of 
refraction  as  dictated  by  composition,  and  |)arti<  le  shape.  .An  e’xamination  of  how  calculate’d 
model  results  are'  iiiflueneed  by  unce'rtaint ie's  in  the  injMit  elata  is  also  important.  Without 
an  estimate  of  the  uncerlainlies,  it  is  impossible  to  assess  the  signilicane-e  eif  the  results  or 
possible'  discre'pancie's  that  may  occur  be-twe'e'ii  the  nu'asure'el  anel  eale  ulateel  quantities. 

Index  of  Refraction 

1  he-  ohserve'el  elry  ae'iosol  composition  as  discussed  above  suggests  an  inele'x  of  refraction 
in  the-  lange  of  l.-uO  ±  .03  iii  the'  visible.  Since'  the'  ambient  le'lative  humidity  was  well 
below  lOO'/i^  for  most  of  the  measurements,  wate'r  iiicorjrorate'el  in  the'  particles  jrrobably 
diel  not  significantly  intlue'iiee'  the  iiiele'x  of  refractie)ii.  fhe'  cai  bonae  e-euis  eermponenl  of  the 
sample'el  ae'rosol  sugge'sts  a  small  ab.sorbing  eompemeuit  err  imaginary  part  to  the  refractive 
inele-x.  fhe'  magnituele  of  the  imaginary  component  can  be  e-stimate-el  from  the  black  carbon 
me-asure-meTits.  fable'  1  sugge-sts  that  black  carbon  maele  uj)  about  '2Vc  of  the  total  aerosol 
during  the'  fielel  me-asurements.  Assuming  that  the'  black  carbon  has  the  same  imaginary 
iiule-x  of  refraction  as  soot  (which  is  approximately  -.131  Ke-nt  e-t  ah.  1983)  anel  using  a  simple 
minded  volume  averaged  calculation,  the  first  guess  ferr  the  e'lfective  imaginary  component 
ferr  the  ae-rersols  should  be  reuighly  -.OOSbi  do  Ire  eeuisiste'iit  with  values  in  general  use,  we 
have  (  hose-n  a  slightly  smalleT  value'  (-.OUbi)  [Kim  anel  Beratman.  1990a:  Kent  el  ab.  1983] 
for  initial  calculat ieuis  involving  an  abserrbing  coiiipeuie'iit . 

Hathe'v  than  using  a  single  value'  for  the-  inelex  of  refraction,  an  e'lisemble'  eif  value's  has  bee'ii 
chersen  ser  that  t  fie  se-nsitiv  ity  of  the'  final  results  ter  the  re'frae  t i ve'  iiide'X  can  be  estimateel. 
Table  2  give's  a  list  erf  the-  iuelii  e's  e etnsiejere'el  as  well  a.s  a  sugge'ste'ei  |)!iysical  ieh'iit ification  erf 
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the  aerosol  based  on  tlie  aerosol  models  of  Sliellle  and  I'enn  [1979]  and  as  further  utilized 
by  Kirn  and  Boatman  [1990a, b]  and  Kent  et  al.  [1983]. 

Particle  Shape 

As  e.xpecied,  electron  mic  roscope'  photographs  indicate  that  the  particles  collected  by  the 
impactor  were  non-spherical  [Bodhaineet  ah,  1991a].  On  the  other  hand,  the  particles  were 
not  extremely  irregular  in  shape,  'hluis,  the  calccdations  being  performed  here  are  probably 
not  a  sc'vere  test  of  the  splic'rical  |)artich'  assumption. 

Size  Distribution 

For  both  periods  of  the  field  experiments,  size*  distributions  were  cleterminc'cl  using  the 
.AS ASP  and  FSSP  instruments.  'I'hc'  cascade'  impactor  was  not  used  for  this  purpose.  Both 
of  the  optical  particle  counters  wt're  calibrated  with  spherical  particles  of  known  index  of 
refraction.  Since  the  response'  of  the.sc'  counters  is  wc'll  characterized,  the  calibration  for 
spherical  particle's  with  other  indicc's  of  refraction  can  be  reliably  calculated  [Pinnick  and 
.Auvermann,  1979;  (larvey  and  Pinnick.  1983;  Kirn  and  Boatman.  1990a, b]. 

Fvc'ii  though  particle'  concenli ation  information  is  available  at  one'  minute  intervals  or  less, 
usually  c'onsich'i ably  more'  time  is  nec'dc'd  to  obtain  a  statistically  significant  size-  distril)ution. 
For  this  rc'a.son,  the-  size  distribution  has  bc'en  determined  for  a  few  easily  identifiable  layers 
and  regions  as  clefinc'd  along  the  altitude  scales  in  Figure  3.  For  reference,  each  layer  has 
been  numbered  on  each  date  starting  at  the  highest  layer.  Average  values  of  the  aerosol 
[ihysical  and  optical  parameters  have  been  computed  for  these  layers. 

An  ensernbh'  of  possible  si/('  distributions  is  generatr-d  for  each  layer  using  the  following 
procedure;  do  obtain  oiu'  candidate  size'  distribution,  an  index  of  refraction  is  selected 
(in  s<’<|u<  t\c<')  from  tin'  i'ns<'mble  of  possible'  values  and  the'  corresponding  particle  counter 
calibration  (channel  numlx’r  or  r('spo:i,s<'  vs.  size'),  a.ssnming  sphe.ical  particles,  is  then 
d('1ermined.  A  two  mode  log  normal  curve  is  lit  to  the'  re'sulting  size  elistribution  data  using 
the  techniepie  eh'scribe'el  by  Ileirvath  e-t  al.,  [1990]  and  the  entire  procedure  is  repeated  for  all 
e)f  the  indices  of  refrae  tion  in  t  he  ensemble'.  Three  log  normal  |)arainetcrs  for  each  mode  are 
obtained:  is  the  teital  partie  h'  conce'iitration,  Dg  or  Vg  is  the  geometric  mean  diameter  or 

radius,  and  er,  is  the  geometric  stanelard  eleviation  defineel  such  as  that  for  a  mono  dispersed 
aerosol,  er^  =  1 . 

For  each  layer,  using  the'  e'nsemble  of  size  distributions  defineel  by  the  corresponding 
e-nsemble  e)f  refractive'  inelices.  the  re'sponse  of  the  nephelomete-r  anel  backscattersonde  at  the 
appropriate  wavelengths  were'  e  alculaU'el  using  .Mie  scattering  theory.  The  small  dependence 
of  index  of  refraction  on  wavelength  has  be'en  negh'cted  for  these'  calculations.  Since  the 
backscattersonele  and  ruby  lielar  are  esse'iitially  equivalent,  the  ruby  lidar  backscatter  has 
not  been  calculated. 

For  each  layer  and  each  index  of  refraction  chosen,  a  set  of  calculated  scattering  values 
is  obtained  and  can  be  comjiared  with  tiu'  measured  values.  .As  expected,  some  assumed 
rc'fractivx'  indices  give  bettc'r  overall  agreeiiH'tit  with  measurc'inents  than  others.  The  values  of 
K'fractivx’  iinh'x  giv  ing  t  In' oi)t  inial  simultaneous  agreement  wit  h  tin'  nephelometer  (3  values 
( orresponding  to  3  difh'rc'iit  wavelengths)  and  backs<  attersond<'  (2  values  corresponding  to  2 
different  waveh'iigths)  are  shown  in  labh'  .3.  Using  these  optimal  values  of  refractive  index, 
the  overall  comparison  of  model  prediction  and  measurement  is  summarized  in  Figure  7. 
F.ach  point  in  this  figure  is  derived  from  a  calculated  and  measured  value  for  a  given  layer, 


a  particular  instrument  (backscattc'rsondo  or  neplielonx'ter),  and  for  one  of  the  possible 
wavelengths  associated  with  the  instrument. 

Discussion 

E.xcept  for  the  imaginary  or  absorbing  component,  tlu'  optimal  values  of  the  ladractive 
indices  as  shown  in  Table  3  arc'  (piitt'  consistr'iit  with  the  range  of  valiu's  suggested  from  the 
chemical  composition.  The  Ix'st  results  are  obtained  by  neglecting  the  imaginary  part  of  the 
refractive  index,  even  though  the  aethalometer  and  impactr)i  results  indicate  the  presence 
of  at  least  some  absorbing  aerosol.  The  estimates  mad<*  above  for  t  he  magnitude  of  this 
component  are  api)arenlly  too  large  and  probably  represent  an  upper  limit.  Our  estimates 
of  the  index  of  refraction  are  consistent  with  tho.se  re|)ort('d  by  .Spinhirne  et  al.  [1980]  who 
have  used  a  combination  of  optical  methods  to  deduce  a  mean  aerosol  index  of  refraction  for 
the  boundary  layer  of  1  52  .OO.'li. 

The  rather  good  agreement  between  c alclalc  l  .md  measiot  il  optii  al  [iroperties  as  shown 
in  Figure  7  is  Ix'tter  than  we  imlially  ant  i<  ipated  and  ( c»uld  be  <ine  to  the  fact  that  the  aerosols 
were  probably  rpiasi  spherical.  I'he  expr'iiment  would  ne<'d  to  be  repc'ated  for  a  wider  variety 
of  aerosol  conditions  befori'  a  firm  conclusion  could  be  established.  Nevertheless,  the  results 
of  this  work  indicated  that,  al  least  nnd<'r  some'  conditions,  aerosol  ojitical  properties  in  the 
boundary  layer  can  be  adecpiatelv  estimaled  using  size  distrilrutions  obtaiiu'd  from  optical 
particle  counters. 

The  fact  that  reasonable  agr<>ement  has  lieen  ai  hieved  for  the  comparisons  shown  in  Figure 
7  suggests  that  tlu'  sjdierical  partich'  a.ssnmption  does  not  necessarily  lead  to  inaccurate 
results.  Rdforts  to  directly  determine  the  response  of  the  A.S.ASP  to  uniform  non-spherical 
particles  (doublet  spheres)  indicat«'  that  the  instrument  responds  to  thesr-  particles  as  it 
would  to  spheres  of  (’final  volume  [Pinnick  and  Hosr'ii.  1!)79].  I  his  ('arlier  work  also  sugg('sts 
that  optical  partich'  counters  can  produce  meaningful  r('sulls  wlien  applied  to  aero.sol  .systems 
of  non-  spherical  pai tides. 

Ttie  high  (piality  fpiasi  simultaiK'ous  nephelom('ter  and  l)ack.'Cat tersonde  measurements 
obtained  in  the  field  measur(’in('nts  can  Ix'  used  to  (h'termine  a  vi'iy  n.s('fnl.  but  not  W(’ll 
ke.own.  conversion  factor  that  allows  the  derivation  of  optica!  dei)th  from  lidar  profiles  Th’s 
is  ‘hi’  -o  c.illcd  aerosol  i  xtinction-  to  backscattc’r  ratio  frequently  r(’porfed  m  units  of  km~’ 
/(ki.r  )  or  sr.  As  merit ioiu’d  abo'.a*.  the  iK’plu'lonK’ter  is  a  measure'  of  the  extinction  if 

t  Ik.'K’  is  no  significant  absorbing  compoiu’iit  to  t  lu'  jiart  ides,  as  was  appari'iit  ly  the  case  for  the 
obser\<’d  aerosols.  Figure’  5  indie  ales  an  aerosol  e'Xt inct ion-to  backse  at te'r  ratio  (at  about  700 
nm)  of  2.'J  to  3.()  anel  Figure  G  indie  ate's  a  value  of  2. .5.  Ae coreiing  to  e'le'ine'ntary  scattering 
consieh’rat  ions  t  lie’se  nnmbe’is  need  to  be  multi|)li('(l  by  drr/d  (t  he'  Rayleigh  ext  inct ion-to- 
backscatter  ratio  is  21  ±  (i  sr.  I'or  comparison,  Spinhirne’ et  al.  [1980]  have'  reported  value’s 
of  19.0  ±  8.3  sr  for  the  mixe’d  bounelary  laye’r  at  the  same’  wavelength. 

Conclusions 

I  he’  re’siilfs  of  the  work  leported  In’ie’  sugge’st  that  optieal  iiartich’  counters  can  pro¬ 
duce  meaningful  size  (list  rilcit  ions  in  a  statistical  sense  for  optical  mode’l  calculations  in  the’ 
boundary  laye’r  anel  free’  troposphere,  in  sjiiti’of  the’  fae  t  that  the'  particles  are'  non-sphe’rical. 
Howe’ver.  the  liinit.e’d  amount  of  (’xperie’iie  (’  pre've’uts  this  eouelusion  Irom  bi’ing  universal. 


Combined  soundings  of  the  neplieloinetor  and  backscaltersondc  can  lead  to  a  relatively 
direct  determination  of  the  extinction  to  l)ackscatter  ratio.  This  ratio  plays  an  important 
role  in  the  interpretation  and  utility  of  data  obtained  by  many  rcunote  sounding  systems. 
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Table  1 

Carbon  Composition  of  Aerosols 
(percent  by  mass) 


Layer 

23  May  90 

24  may  90 

1 

3.0 

5.0 

2 

3.8 

3.0 

3 

1.5 

0.6 

4 

0.8 

3.0 

5 

1.3 

0.9 

6 

1.0 

0.5 

Table  2 

Ensemble  of  Refractive  Indices 
Used  in  Calculations 


Index  of  Refraction  Possible  Aerosol 


O 

O 

o 

o 

Water 

1.49  -  O.OOOi/0.006! 

Sea  Salt 

1.50  -  0.000i/0.006i 

Rural  (70%  Rll) 

1.52  -  0.000i/0.006i 

Rural  (50%  RH) 
Ammonium  Sulfate 

1.53  -  0.000i/0.006i 

Rural  (0%  RH) 
Dust-like 

1.59  -  O.OOOi 

Polystyrene  Spheres 
(for  calibration) 

Table  3 

Optimal  Choice  Refractive  Index 


Layer 

26  July  89 

23  May  90 

24  May  90 

1 

1.49-O.OOOi 

1.49-O.OOOi 

1.49-O.OOOi 

2 

1.53-O.OOOi 

1.49-O.OOOi 

1.49-O.OOOi 

3 

1.19-O.OOOi 

1.49-O.OOOi 

1.59-O.OOOi 

4 

1 .50-0.006i 

1.52-0.006i 

1.49-O.OOOi 

5 

1.49-O.OOOi 

1.19-O.OOOi 

6 

1 .49-O.OOOi 

1.49-O.OOOi 
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Figure  1.  Particle  concentration  profiles  obtained  on  aircraft 
ascent  during  the  first  field  experiment  on  26  July  1989. 
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Pigur*  2.  Particl*,  condensation  nuclei  (CN),  and  black  carbon 
concentration  profiles  obtained  on  aircraft  ascent  and  descent 
during  the  second  field  experiment  in  May  1990. 
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Pigura  3.  Particle  concentration  and  optical  scattering  profiles 
obtained  for  the  aerosols  present  during  the  field  measurements. 
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Figure  4.  K  comparison  of  tha  backscattersonda  and  ruby  lidar 
profilas  for  tha  1989  axparimant  pariod. 
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Figure  5.  A  scatter  plot  of  the  backscattersonde  vs.  nephelcmeter 
measurements  averaged  over  2  mb  altitude  increments  for  the  26 
July  experiment. 
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Figure  6.  The  relation  between  the  backecattersonde  and 
nephelometer  measurements  for  the  six  layers  defined  in  Figure  3 
for  the  May  1990  experiment  period. 


18 


CALC.  BKS.  a  NEPH.  AER.  SCAT.  RATIO 


.1  1.0  10 

MEAS.  BKS.  a  NEPH.  AER.  SCAT.  RATIO 


Figure  7.  A  sumnary  scatter  plot  of  the  agreesient  between  the 
calculated  and  measured  nephelometer  and  backscattersonde  aerosol 
scatter  ratios  for  all  wavelengths.  The  coordinate  of  every  point 
is  derived  from  the  measured  and  calculated  value  for  the 
nephelometer  at  one  of  its  three  wavelengths  or  the 
backscattersonde  at  one  of  its  two  wavelengths  for  the  layers 
defined  in  Figure  3.  The  magnitude  of  the  uncertainty  is 
demonstrated  on  one  point  but  applies  to  all  points.  The  solid 
line  represents  calculated  *  measured  values. 
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